We have isolated 21 mutants of catabolite gene activator protein (CAP) defective in transcription activation at the lac promoter but not defective in DNA binding. The amino acid substitutions in the mutants map to a single region of CAP: amino acids 156-162. As assessed in vito, the substituted CAP variants are nearly completely unable to activate transcription at the lac promoter but bind to DNA with the same affmity and bend DNA to the same extent as wild-type CAP. Our results establish that amino acids 156-162 are critical for transcription activation at the lac promoter but not for DNA binding and DNA bending. In the structure of CAP, amino acids 156-162 are part of a surface loop. We propose that this surface loop makes a direct protein-protein contact with RNA polymerase at the lac promoter.
three-dimensional structure of the CAP-DNA complex has been determined to 3.0 A resolution by x-ray diffraction analysis (5) . CAP is a dimer of two identical subunits, each of which is 209 aa long. The CAP-DNA complex is twofold symmetric: one subunit of CAP interacts with one-half of the DNA site; the other subunit of CAP interacts in a twofoldsymmetry-related fashion with the other half ofthe DNA site. CAP sharply bends DNA in the CAP-DNA complex (6, 7) .
The CAP-induced DNA bend is -90°in the CAP-DNA complex in the crystalline state (5) and 80°-180°in the CAP-DNA complex in solution (8) (9) (10) (11) (12) .
For a number of prokaryotic and eukaryotic transcription activator proteins, it has been possible to identify regions of the protein that are essential for transcription activation but not essential for DNA binding (reviewed in refs. 13 and 14) . Such regions have been designated "activating regions" and have been proposed to participate in direct protein-protein interactions with RNA polymerase and/or basal transcription factors.
An early report had suggested that CAP contains an activating region consisting, at least in part, of aa 171 of CAP
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (15) . However, that report has been shown to be incorrect (16) . The objectives of the work in this report were (i) to determine whether CAP contains an activating region and, if so, (ii) to determine the location of the activating region. Our approach to these objectives was to perform random mutagenesis of the gene encoding CAP, followed by an in vivo genetic screen, in order to isolate mutants of CAP specifically defective in transcription activation-i.e., mutants of CAP defective in transcription activation but not defective in DNA binding. We designate such mutants crpPc, where crp denotes the gene encoding CAP, and pc denotes defective in positive control of transcription.
MATERIALS AND METHODS
Strains and Plasmids. Strains XE64.1 (Acrp39 strA thi) and XE82 (Acrp39 strA thi lacPUVS-OCAP) are described in ref. 16 . Plasmid pYZCRP is described in ref. 17 
where A denotes the electrophoretic mobility of the protein-DNA complex formed with DNA fragment i, p.j denotes the electrophoretic mobility of the protein-DNA complex formed with DNA fragment j, xi/L denotes the fractional distance between the center of the DNA site for CAP and the left end of DNA fragment i, xj/L denotes the fractional distance between the center of the DNA site for CAP and the left end of DNA fragmentj, and a denotes the apparent DNA bend angle. Use of four DNA fragments permitted six pairwise comparisons ofdata for DNA fragments i andj (i.e., data for DNA fragments 1 and 2, data for DNA fragments 1 and 3, data for DNA fragments 1 and 4, data for DNA fragments 2 and 3, data for DNA fragments 2 and 4, and data for DNA fragments 3 and 4). Estimates of apparent DNA bend angles for the six possible pairwise comparisons of data for DNA fragments i and j were in excellent agreement (typically within 5% [The rbs operon consists of the rbsD, rbsA, rbsC, rbsB, and rbsK genes and is required for utilization ofribose as a carbon source (20) . The rbs promoter is a CAP-dependent promoter. The distance between the center ofthe DNA site for CAP and the transcription start point in the rbs promoter is identical to that in the lac promoter (61.5 bp).] To test phenotype ii, the screen tested the ability to repress transcription at the lacPUV5-0C" promoter. [The lacPUV5-OCAP promoter is a derivative of the activator-independent lacPUV5 promoter that has, superimposed, a consensus DNA site for CAP positioned so that it overlaps the transcription start point (15, 16) . CAP represses transcription at lacPUV5-OCAP, presumably through a steric-exclusion mechanism. Substituted CAP derivatives that retain the ability to bind to DNA likewise repress transcription at lacPUV5-0CAP.j
The screen utilized Acrp rbs+ lacPUVS-OCAP strain XE82.
In this strain, ribose utilization is under control of the rbs promoter, and lactose utilization is under control of the lacPUVS-OC" promoter. Plasmids containing mutagenized crp structural gene were introduced by transformation into tives fail to activate transcription or activate it <2-fold. We conclude that the substituted CAP derivatives are completely, or nearly completely, defective in transcription activation at lac and lacP(ICAP).
For wild-type CAP and [Ala-1581CAP, we also have performed abortive initiation in vitro transcription experiments using as templates the CAP-independent lacPUV5 promoter (21) and the partly CAP-independent lacPs promoter (21).
The results indicate that the Thr-158 -+ Ala substitution has no effect on CAP-independent transcription at lacPUVS and lacPs (data not shown). We infer that the effect of the Ala substitution is specific to activated transcription. We equilibrium binding constants identical to that exhibited by wild-type CAP. We conclude that the substituted CAP derivatives are not defective in DNA binding.
DNA Bending. To assess DNA bending, we have performed electrophoretic mobility DNA bending experiments (7, (9) (10) (11) . We have used four circularly permuted 160-bp DNA fragments having the consensus DNA site for CAP (Fig. 2) . In each DNA fragment, the center of the DNA site for CAP is located a different fractional distance from the left end of the DNA fragment-i.e., 0.63, 0.48, 0.25, or 0.18. For wild-type CAP and for each substituted CAP derivative, we have formed protein-DNA complexes with each DNA fragment and analyzed the electrophoretic mobilities of the protein-DNA complexes. The results are presented in Fig. 3 . In the case of wild-type CAP, the electrophoretic mobilities ofthe protein-DNA complexes exhibit a pattern diagnostic of protein-induced DNA bending (cf. refs. 7 and 9-11); i.e., electrophoretic mobility is least for the protein-DNA complex formed with the DNA fragment having the DNA site for CAP located nearest the center of the DNA fragment (fractional position 0.48), and electrophoretic mobility is greatest for the protein-DNA complex formed with the DNA fragment having the DNA site for CAP located nearest the end of the DNA fragment (fractional position 0.18). In the case of the substituted CAP derivatives, the electrophoretic mobilities ofthe protein-DNA complexes likewise exhibit patterns diagnostic of protein-induced DNA bending. Strikingly, the patterns in the cases of the substituted CAP derivatives are identical to the pattern in the case of wild-type CAP. We conclude that the substituted CAP derivatives are not defective in DNA bending.
It is possible to calculate the DNA bend angle from electrophoretic mobility data using equations derived by Thompson and Landy (9) . The results of such calculations are presented in results further establish that it is likely that no part of CAP other than aa 156-162 is critical for transcription activation at the lac promoter but not critical for DNA binding. Our results confirm and extend the results of Bell et al. (22) , who have shown that aa 159 of CAP is critical for transcription activation, and of Eschenlauer and Reznikoff (23) , who have shown that aa 162 of CAP is critical for transcription activation.
In the three-dimensional structure of CAP (4) and in the three-dimensional structure of the CAP-DNA complex (5), aa 156, 158, 159, and 162 are part of a surface loop composed of aa 152-166. aa 156, 158, 159, and 162 form a cluster, with dimensions of -13 x -7 A, on the surface of the CAP-DNA complex (Fig. 4) . These aa are distant from the region of CAP involved in DNA binding. In addition, these aa are distant from the region of CAP thought to be involved in DNA bending. Thus, the location of these aa is consistent with the observation that their substitution does not affect DNA binding and DNA bending. The location of these aa is consistent with the proposal they participate in a direct protein-protein contact with a molecule of RNA polymerase bound adjacent to CAP on the same face of the DNA helix (see below Three additional results are consistent with the proposal that transcription activation at the lac promoter requires a direct protein-protein contact between CAP and RNA polymerase: (i) Transcription activation at the lac promoter requires that the DNA site for CAP and the DNA site for RNA polymerase be on the same face of the DNA helix (24, 25) . (ii) CAP and RNA polymerase bind cooperatively to the lac promoter (25, 26) . Cooperative binding, like transcription activation, requires that the DNA site for CAP and the DNA site for RNA polymerase be on the same face of the DNA helix (25) . (iii) CAP and RNA polymerase interact in solution in the absence of promoter DNA (27) . This interaction absolutely requires the activating region of CAP (27) . 
